Abstract The article presents results of studies on the rate of erosion of the Wolin Island cliff-coast (NW Poland) during the last three decades. Trends of geomorphological changes were defined based on multiannual observations . Changes were controlled by secular and extreme processes. Research has shown that the intensity of the processes shaping the Wolin Island cliff-coast were characterized by a clear seasonal variability. Analysis of hydro-meteorological conditions allowed the authors to derive the threshold values of the most important factors initiating cliffs hazard. The destruction of the cliff, differing in range, occurs in the above-threshold conditions. Multiannual research and direct observations of the functioning of the cliff-coast conducted herein provided the basis for proposing the safety shield and information system about the cliff hazard.
IntroduCtIon
Contemporary processes of cliff formation and development result from the denudation system, and are driven mainly by the climate, which continuously varies over time and is spatially differentiated. The primary factors in the functioning of the denudation system of Wolin Island's cliff-coast are weather conditions, which change according to seasonal, annual and multiyear cycles, geological settings, landform, land cover, and diverse forms of human activity (Trenhaile 1997; Bird 2000; Woodroffe 2003; Pruszak 2004; Valdmann et al. 2008; Davidson-Arnott 2010; Žaromskis et al. 2010; Bagdanavičiūtė et al. 2012) .
Cliff-coasts play a crucial role in the contemporary morphosystem of Wolin Island. The Wolin cliffs, 15 km long, constitute a section of a nearly 50-kilometre cliff zone on the Polish seaside (Subotowicz 1982) . Systematic fieldwork has been conducted since 1973 to identify and define the morphological variability and developmental tendencies of Wolin's cliff-coast (Kostrzewski, Zwoliński 1995) . A verified, thematic database of cliff top recession has been compiled, based on a series of long-term observations at five research sections. It contains the annual rate of Wolin Island's cliff top recession in selected test sections in the years 1984-2014. The database served as a documentation resource for this study. Systematic monitoring of cliff top recession indicated the rate of coastal cliff destruction, which is caused mainly by sea abrasion, mass movements and water erosion. It should be mentioned here that the findings of ongoing studies of individual landform evolution, sets of forms and the types of landforms on the Wolin cliffs, aimed at creating a detailed geomorphological map of the cliff-coast, provide an important supplement to the presented documentation (Kostrzewski, Zwoliński 1986 ).
The main goal of this work is to use archival materials and current diagnostic studies to present tendencies in the morphodynamic changes on the cliff-coast of Wolin Island, to attempt to classify cliff hazards, and to propose a warning system for the unexpected occurrence of denudation phenomena on the cliff-coast. The presented materials can be used for hydrotechnical purposes on the Polish coastline, as well as in development planning.
Study AreA, mAterIAl And methodS
In the course of carrying out the proposed research task, comparative studies were conducted of the abrasion processes occurring on Wolin Island in sections with different morpho-lithodynamics. Basic studies took place on the Wolin Island cliff-coast, located in a belt zone between Grodno and Miedzyzdroje. This area was divided into five test sections (Fig. 1) , differentiated by the morphology, lithology and exposition of the coast (Table 1) .
Research studies on the Wolin Island cliff-coast conducted to date have concentrated mainly on issues concerning geology, geomorphology, hydrology, climate, soil science, biology, tourism and environmental protection (Kostrzewski 1985; Kostrzewski, Zwoliński 1995; Buchwał, Winowski 2009; Hojan 2009; Winowski 2009; Kolander et al. 2013; Tylkowski 2013; Hojan, Więcław 2014) .
The Wolin terminal moraine, the most important landform in the northern part of the island, is undercut from the sea side with steep cliffs. Detailed studies of the geological structure of this unit were conducted inter alia by Krygowski (1959) . In their work, the authors confirmed the glaciotectonic character of the Wolin moraine ridge. The Wolin cliffs have also been the subject of detailed lithostratigraphic studies (Borówka et al. 1982 (Borówka et al. , 1999 Kostrzewski 1985) . In terms of the geological structure of the Wolin cliffs, two series of till can be distinguished. Grey till linked with Warta glaciation occurs in the bottom part of the cliff (Kostrzewski 1985) . Its maximum thickness reaches 40 m. The grey till is directly overlain by the Vistulian brown till of lesser thickness, up to a few meters, which can be found only in some sections of the cliff. On the presented moraine till beds there are deposits of fluvioglacial sand as thick as 40 m in many places. Over the top part of the fluvioglacial there are eolian cover sands with a thickness of 2 to 15 m (Borówka et al. 1982) .
Systematic and standardized research on the morphodynamics of the Wolin cliff-coast has been carried out since 1973 on selected test sections of the coast (Fig. 2 ) east of Międzyzdroje (Kostrzewski, Zwoliński 1986 , 1988 , 1995 . The study consisted of measuring the position of the top of the cliff at one year intervals. For this purpose a method of marked trees was used where the distance between the tree and the top of the cliff along a constant azimuth was measured.
Monitoring results provide a solid basis for a comparative study of the abrasion processes present in the South Baltic Sea cliff-coast. Analyses of the topoclimates and hydrological conditions of the Wolin cliffs have been conducted as part of a comprehensive study of the natural environment of the Wolin National Park. The daily variability of maximal sea levels [cm] , the Kronstadt reference system [the water-gauge zero ordinate 508 cm] and daily total precipitation [mm] based on the data provided by the hydrographical and meteorological station in Świnoujście is presented for the sea coast of the Wolin Island. The hydro-meteorological data for the period of 1984-2014 was obtained from the Institute of Meteorology and Water Management in Warsaw. Grey clay / fluvioglacial sands / eolian cover sands; section margins dominated by sand formations.
Vegetation cover is an important element of the natural environment for retarding the long-and shortterm effects of abrasion on the Wolin cliffs. Studies of the flora and of floral habitat on the Wolin cliffs, taking into account previous findings, have been presented by Piotrowska (2003) .
reSultS

hydro-meteorological determinants of the degradation of cliff coast
The geomorphological transformations of the cliffcoast within the Wolin Island chiefly depend on the dynamics of sea abrasion and slope erosion related to, above all, mass movements and washing-off. The high sea level occurring during storm surges and heavy precipitation have led to the degradation of coastal cliffs manifested, among others, through retreating of its cliff top.
The cliff coast is particularly vulnerable to degradation as a result of sea level rise, especially at high storm-waves. Statistically significant raising trends of the sea level within the Polish coastal area of the Baltic Sea have currently been observed. The analysis of average sea level in Swinoujście for the 2 nd half of the 20 th century and 1 st decade of the 21 st century demonstrated a rate of increase of the sea level by 1 mm/ year (Tylkowski 2015) . The dynamics of transgression within the coastal area of the Pomeranian Bay corresponds with the global average sea level being estimated at 1 mm/year (Harff et al. 2007; Hünicke et al. 2008; Milne et al. 2009; Richter et al. 2012) . The abrasion of the cliff coast within the Wolin Island occurs at high sea levels which significantly exceed their average level at 503 cm in Świnoujście in the period of 1984-2014. The analysis of the maximal sea level in the period of 1984-2014 did not indicate any statistically significant trends within its variability (Fig.  3) . Within the considered period in Świnoujście the highest sea level at 661 cm was recorded on 4 November 1995. These high sea levels and high storm waves occurring at that time constituted a significant factor of abrasion of the cliff coastal within the Wolin Island which was found when the cliff top retreat was measured in summer 1996. The lowest sea level occurred on 27 January 2010 and amounted to 382 cm. The absolute amplitude of the sea level in the period of 1984-2014 amounted to 2.79 m.
The analysis of total precipitation in the period of 1984-2014-similarly to the maximal sea level-did not show any significant statistical directional change (Fig. 4) . The average annual precipitation at the Pomeranian Bay was 558.1 mm. The highest level of total precipitation (756.3 mm) was recorded in 2010 and the lowest one (370.6 mm) in 1989. The range of variability of annual precipitation is quite considerable (385.7 mm). Significant irregularities of precipitation are also confirmed by an annual coefficient of precipitation variation reaching 2.0. The area under study is characterised by some sporadic occurrence of high-intensity precipitation. The highest daily total amount of precipitation was found on 28 th July 2011 and amounted to 76.6 mm.
The occurrence of extreme hydro-meteorological incidents of high sea levels and daily total precipitation are shown in Table 2 . The set extreme thresholds (probability 10%) for precipitation (>60 mm) and sea level (>594 cm) may be treated as hydro-meteorological destructive factors of the cliff coast within the Wolin Island (Tylkowski, Kolander 2014 ). In the period of 1984-2014 a considerable number of extreme incidents of high sea levels were found as potentially destructive factors of the cliff coast within the Wolin Island (Table 2) . When the extreme maximal sea level is exceeded, it could generate geomorphological transformations of the cliff coast within the Wolin Island. The specified abrasive sea level threshold >594 cm is close to the alert sea level in Świnoujście ≥580 cm (Wiśniewski, Wolski 2011 ) and the abrasive threshold (for sand dune abrasion) at the Pomeranian Bay near Dźwinów (Tylkowski 2015) . In the period of 1984-2014 abrasive sea level value of >590 cm occurred by 59 days-then they are potentially initialized landslide processes on a cliff coast (Winowski 2014) . In the period of 1998-2014 the extreme high sea level for 48 days and extreme high precipitation level for 2 days were found to occur.
The storm surges with extreme high sea level were generated mainly during the occurrence of cyclonic atmospheric circulation (73% cases), especially with the West-North sector (59% cases). During the period of Northwest, North, and West Cyclonic Circulations on sea level rise in the Southern Baltic, in addition to the wind factor, influence infusions marine waters of the North Sea through the Skagerrak and Kattegat. Particularly intense storm surges and abrasion of the Wolin Island cliff occurred during the North Cyclonic Circulation-the most extreme abrasion coast in the period 3-4 November 1995. On the other hand anticyclonic atmospheric circulation generated 23% cases of extreme sea level, but the intensity of the abrasion was then much less intense. For about 4% cases of extreme sea level does not specify the type of atmospheric circulation.
Precipitation with its daily total >30 mm in the period from 1984 to 2014 occurred 24 times. The above regularity can provide evidence on potentially much larger role of storm surges than precipitation in geomorphological transformations of the cliff coast within the Wolin Island.
Taking into considerations annual measurements on the cliff top retreat at the Wolin Island which were performed in summer months (July-August), hydrometeorological determinants were presented in the form of average and maximal sea levels as well as annual and maximal daily total precipitation in Table 3 for the research term of the cliff crown retreat. 1986-12-19), 597 (1986-12-20), 610 (1987-01-09), 596 (1987-01-12), 609 (1988-11-29), 616 (1988-11-30), 595 (1989-10-03), 605 (1989-11-28), 602 (1989-12-07), 616 (1992-01-17), 597 (1993-01-25), 641 (1993-02-21), 620 (1995-01-03), 608 (1995-04-08), 596 (1995-08-31), 651 (1995-11-03), 661 (1995-11-04 It should be emphasized that the dynamics of the cliff top retreat does not show any directly proportional dependencies with high sea levels and intense precipitation. It is not always that high storm surges and extreme high precipitation cause significant degradation of the cliff coast. Duration and frequency of inter-rain and inter-storm periods are significant determinants of the Wolin cliffs retreat. In inter-storm periods sediment accumulation takes place within the near-shore area, especially at the foreshore area. The foreshore area having a considerable amount of clustered sediments constitutes the main area of concentration of waving energy and simultaneously reduces abrasion of the coastal cliffs. In addition, it is essential to determine the current state of development of this cliff coastal section (Subotowicz 1982) and local determinants connected with the cliff lithology and exposure.
the cliff top recession rate on Wolin Island
The Wolin cliffs recessed at an average rate of 0.8-1.0 ma -1 (meters per year) through the mid-20 th century (Subotowicz 1982; Kostrzewski 1984) . Measurements of the contemporary cliff recession rate reveal average annual values for cliff top recession rate which ) was recorded for sandy section IV (Table 2) . Sections II and III are marked by a more than 50% lower value for cliff top recession rate. Till beds appear at their base, and are more resistant to the abrasion processes than sandy deposits. It should be noted that most of the measured values for cliff recession fall within a range of up to 1m, although cases of nearly 10-meter annual cliff top recession rate also occur (Table 5) . A particularly interesting situation emerged in November 1995, when an exceptionally strong storm surge (the highest in the 20 th c.) brought about radical geomorphologic changes. Consequently, the values measured for the year 1996 were several times higher than those previously recorded (Table 4) . Table 5 presents maximum cliff top recession in single measurement points that occurred in subsequent years of monitoring. Recession values fall in the 0-9.8m range. The average annual values for maximum cliff top recession are 1.5-2 m. Out of 130 measurement points, single values for cliff top recession greater than 2 m were found in only 26 cases. No explicit tendencies towards maximum cliff top recession indicate any considerable randomness in the phenomenon. The abrasion pulse rate is determined by connections between morpho-lithologic and hydro-meteorologic conditions, which fluctuate temporally and spatially. 
Geomorphologic changes in the Wolin cliff-coasts
The current geomorphologic changes occurring on the Wolin Island cliff-coast result from the variability of the morphogenetic system of the cliff-coast over time and space. The character and course of these geomorphologic processes are diverse, and are conditioned not only by lithology and land cover, but most of all by seasonal variability in the weather, which determines the rhythm of their functioning throughout the annual cycle. Due to the complexity of the morphogenetic processes that shape cliff-coasts, it is extremely difficult to determine the tendencies of these geomorphologic changes, because although they are similar in different sections of the cliff-coast, the intensity of the changes varies.
However, the analyzed monitoring period indicated distinct phases of increased activity in the sea cliffs. In 1984, the Wolin cliffs increased their activity considerably as a consequence of a violent storm. Afterwards, the morphogenetic processes stabilized until November 1995, when one of the strongest storms to strike the Polish coast in the 20 th century occurred. At that time, the Wolin cliffs were active in all test sections. After this episode, a period of decreased cliff activity was noted. Significantly, diminished activity in the coastal cliffs was observed also in the first half of the 1990s and in the first decade of the 21 st century. Variability in the intensity of cliff top recession over time reveals the relatively low intensity of the phenomenon. Only during exceptional and extreme events, especially during intensive storm surges (669 cm in November 1995, 607 cm in 2004; Wiśniewski, Wolski 2011) was a substantial cliff top recession noted in subsequent measuring (in 1996 and 2005) .
A general analysis of the linear trend in cliff top recession in the 30-year period studied revealed a weak statistical dependence (Fig. 5) . Despite the increased frequency in recent years of uncommon hydro-meteorologic events (storm surges, intensive rainfalls) in the studied test-sections, no intensive cliff abrasion has been observed. A distinctive feature of all sections is the cyclical activity of cliff top recession could be connected with occasionally occurring extreme phenomena. Twenty-year cycles of cliff recession activity were observed with 10-year intervals ±2-3 years between the maximum and minimum of the cycle. During more than 30 years of observations, such situations were found to continue in Subotowicz (1982) , Furmańczyk (1994) , explains the presented situation. According to this concept, cliff shores undergo various stages of activity during a recession (abrasive stage -active cliff, stabilization stage -inactive cliff). On the basis of monitoring conducted, it should be recognized that in the period examined, the test sections of Wolin Island's cliff-coast were in a stabilization stage twice, in 1989 and 2008, and once in an abrasive stage, around 1998 (Fig. 5) .
dISCuSSIon
Cliff hazard classification
The destructive impact of sea activity and precipitation has been observed along the entire cliff-coast on Wolin Island (Kostrzewski, Zwoliński 1986 , 1988 , 1994 , 1995 . The cliff coast develops mainly as a result of sea abrasion and as a post-effect of intensive subareal processes, predominantly of mass movements and wash downs (Trenhaile 1987; Sunamura 1992; Hampton et al. 2004; Epifânio et al. 2013) . Storm surges undercut and destabilize cliff faces, leading to dynamic disturbance, which manifests itself in activating mass movements, especially in landslides, sandfalls or in rockfalls (Marques 2009; Marques et al. 2011) . As a consequence of these morphogenetic processes, sand-till walls are exposed, which under favourable weather conditions may in turn come under the influence of precipitation, wind and frost. The temporal and spatial variability of these processes, geomorphologic events, and the meteorological and hydrological phenomena that condition them allows us to propose a classification for the main cliff hazards. A cliff hazard should be understood as a sudden and rapid geomorphologic event that leads to a partial or entire recession or the destruction of a cliff shore, with the potential to have a detrimental effect on human life and activities, as well as on fauna (Hall et al. 2002; Hampton et al. 2004) . The most common cliff hazards include events connected with processes of abrasion, rockfalls and landslides, but also, during favourable weather conditions, with the processes of eolian transportation, washout and wind-fallen tree erosion (Trenhaile 1987; Sunamura 1992) .
Each of the above-mentioned hazards is characterized by three elements (Table 6) : hazard-promoting factors, their threshold values, and the morphologic effects on the cliff face. The factors promoting cliff hazards include storm surges, precipitation, mechanical weathering, snow-melt and wind. On the basis of multiyear self-observations showed that the beach erosion starts when the sea level exceed 560 cm. Statistically defined extreme sea level (594 cm) is responsible for significant transformation of the foot of the cliff and initiates the mass movements. This value is consistent with empirical research on coastal cliffs abrasion (Winowski 2014) . It is worth to note that Karol Rotnicki (pers. comm., 2010 1 ) predicts that the highest Holocene sea level since Little Ice Age will be reach in the next 100 years, and is likely to exceed it by a further half a meter up to 2200. In his opinion these fluctuations in sea level affecting inter alia erosion of cliffs (Zwoliński 2011 ).
Precipitation initiates hazards in the form of landslides, rockfalls and the downfalls of lithologically diversified drifts on cliff shores. The threshold value for landslide processes specified in Table 6 was empirically determined by Winowski (2014) on the basis of cliff slump observations made during the years 2006-2009 and is equal to 40 mm. Shown in Table 2 extreme value of daily rainfall (>60 mm) generates the regular occurrence of mass movements in the area of Wolin Island cliff coast whereas empirical studies of Winowski (2014) have shown that initiation if this process takes place when the daily total rainfall exceed 40 mm.
Irrespective of the assumed precipitation threshold value, an extremely important pre-condition for precipitation to be morphologically effective on the cliff face was the substratum deposits being dampened by a smaller precipitation total several days preceding the landslide hazard. Typically this was a period of up to 14 days. In the case of hazards induced by rockfall processes, in addition to precipitation, other factors include clefts and interstices in the ground, which can appear as a result of mechanical weathering, e.g. frostweathering or insolation, ground compacting and biogenic activity connected with the fracturing power of tree and shrub roots. Observations have proved that the greater the amount of interstices that increase the loamy drift weathering level, the more easily and extensively slumps of this material are formed. At the same time, substratum drifts are less laden with precipitation, which, in turn, serves as a direct impetus for a rockfall hazard. Another case is connected with precipitation, which increases the danger of a cliff hazard due to washout processes generated by longterm rainfall. Such processes for the loamy faces on Wolin Island are initiated when loamy ground moisture content rises to between 10 and 20%, typically 16%. It should also be noted that washout processes may have a seasonal character, occurring mainly in the springtime, when rapid snow-melt (less often icemelt) over 10 cm thick occurs on loamy ground at an above-zero daily air temperature and average daily air temperature of Ts≥1.5-5°C (Zawiślak 2011) .
The two last hazard factors listed in Table 6 , i.e. eolian transportation and windfallen tree erosion, share the same initiating factor, namely the wind and its velocity. Eolian transport of sandy fluvioglacial deposits on cliff faces begins at a speed of over 6 ms -1 (Hojan 2009 ). An effective hazard resulting from mass transportation of mineral particles arises at a wind speed of V>15ms -1 or when wind gusts reach V > 20ms -1 . Yet for windfallen tree erosion, stronger winds are required, with a speed exceeding 20ms -1 or wind gusts of 25 ms -1 . The above-mentioned threshold values refer to the wind hazard classification specified by the Institute of Meteorology and Water Management for the Government Center for Security (RCB 2010), for hazard degrees 1 and, 2 respectively.
The cliff hazard classification proposed above is based on threshold values for the meteorological parameters and sea level that induce geomorphologic cliff transformations. The subject of cliff hazards is important from the point of view of both merit and application, and may serve as a basis for formulating a proposal for a warning system against such hazards.
Conducted multiyear observations and verification of adopted threshold values authorizes to use them in determining the risk of destructive processes. Obtained data can therefore provide the basic information in the coastal management.
Application for cliff protection and a cliff hazard warning system
Activities that control the effects of extreme processes along the Polish Baltic Sea shoreline, especially on cliff-coasts, should be based on a precisely defined and operated system of protection and information on possible hazards in the cliff-coast zone. Extensive monitoring of meteorological, hydrological and oceanological conditions, along with well-developed modelling of extreme processes along the cliff shore zone provide the basis for accurate forecasting of potential hazard occurrences in different spatial scales.
A cliff protection and cliff hazard warning system should contain the following elements: about a predicted exceeding of threshold values for cliff hazard factors. The key element in a cliff protection and cliff hazard warning system is short-term weather forecasting (few-hour or few-day operational forecasts), which should be made on the basis of direct and indirect observations of environmental conditions carried out by the state service, e.g. the Institute of Meteorology and Water Management-National Research Institute, Polish Geological Institute-National Research Institute, Maritime Offices or environment monitoring field stations. Long-term forecasts, however, should be based also on the findings of geomorphological, geological and hydrological field observations, as well as on experimental study results. Operational and strategic forecasts should comprise not only a qualitative description of potential cliff hazards, but should also provide as precise as possible quantitative forecasts for extreme processes that induce cliff hazards. Therefore, the role of the forecasting system should be two-fold: diagnostic and informative, as well as premonitory, based on the organized monitoring of extreme processes on the South Baltic Sea coast. The cliff protection and cliff hazard warning system thus provides the basis for developing a warning system operated by the civil service, local government units and specialized rescue services, and should be obligatory in order guarantee that it is formalized and brought into effect.
ConCluSIonS
Long-term studies on the functioning of cliff-coasts (Kostrzewski, Zwoliński 1986 , 1988 , 1995 under conditions of the increased impact of extreme hydrometeorologic events (Avotniece et al. 2010; Jania, Zwoliński 2011 ) has allowed for time capturing of the most significant geomorphologic changes in the sea cliff structure and for recognition of the tendencies of cliff shore recession. Moreover, a cliff hazard classification as well as a system of protection and information on factor-induced hazards has been proposed.
The cliff top recession rate measured on tested research sections proved that the current development of the Wolin Island cliff-coast is undergoing temporal and spatial diversity of a seasonal nature, depending on the time of year and on the morphological and lithological conditions. In the analyzed 30-year period, one 20-year cycle appeared during which two periods of decreased morphodynamic activity occurred (around the years 1989 and 2008) and one period of increased cliff shore morphodynamics (around the year 1998) manifested by an increased rate of top recession in the Wolin cliffs. The intensity of the morphogenetic processes that shape the cliff coastline also demonstrated a distinct seasonal variability (Kostrzewski, Zwoliński 1986 , 1988 . The autumn and winter season was dominated by extreme processes which by their activity significantly contributed to cliff modelling. Summer, however, was influenced by processes of an average character which transformed the cliff face to a lesser degree.
This study proposes threshold values for the key cliff hazard inducing factors (mainly marine factorssea levels, and meteorological factors -precipitation, air temperature or wind) responsible for the transformation of the cliff shores on Wolin Island. Upon further analysis, these factors might be extended to the Polish Baltic coastline along its entire length. It could be stated that crucial cliff hazard-inducing factors include high sea level (594 cm) and precipitation with a daily total exceeding 40 mm a day. Exceeding the proposed threshold values for cliff hazard inducing factors triggers cliff shore destruction of various extents. If the hinterland of the cliff top is used or inhabited by people, these hazards may constitute a direct threat to them and their living and economic conditions, or to recreational facilities. Reliable information on cliff hazards requires standardized hydrometeorological and geomorphological monitoring of the cliff-coasts. Cliff-coast monitoring results should serve as a basis for developing procedures for modelling and forecasting extreme geomorphological events that induce disastrous effects on cliff faces, as well as for alerting the community against direct threats to life and property in the coastline zone.
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